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SUIJxMARY 



Du:i;;ing the course of a series of test^ on a Con- 
solidated B-2liD airplane, made with the primary puipose 
of deteiTTilnlng loads imposed upon the horizontal tall, 
measurem.ent s wer-^ taken of accelerations at various 
points on the v.'ing during landing Impacts. 

Landings were made with the wheels Initially stationary 
♦ but free to rotate, with the bralres set before contact, 

and with the m.aln v^heels rotating prior to contact. The 
landings were generally m.oderate , the average vertical 
velocity at contact being about 2.5 feet per second, and 
the highest b.'^ feet per second. The maxl .um value of 
Increm.ent of wing-tip acceleration was 13'J'o> occurring 
with a maxlmAnn Increm.ent of acceleration at the center 
of gravity of l./j-g. The avorage ratio of maximium incre- 
ment of v.lng-tlp acceleration to na:ximum Increm.ent of 
center-of -gravl ty acceleration was about 7* 

In general, there appeared to be little difference 
in the magnitude of the peak accelerations recorded for 
norm^al, braked, and pre rotation lar.dlngs of com.parable 
severity. However, the vibrations of the wing were pro- 
longed in the braked lar.dlngs, whereas in the normal and 
prerotation landings they damped out rather rapidly. 



INTRODUCTION 



At the request of the Armiy Air Forces, Materiel 
Command, the NACA conducted a series of tests 
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on a B-2I,lD airolane that included ir.easureinent s of the 
horizontal-tail loads in flight and landing and supple- 
mentary Trea?ureir.(=^.iits of wing vibration and landing-gear 
behavior. 

The results of the tail-load invest igat5,on3 in 
landing inroacts have been pre;-.?ented in reference 1* 
The data presented in this paper consist prinarily of 
time histories of cccolerations at the center of gravity 
and along the span of the wing of the B-2 ID, and also of 
the nor?--ial component of' the landing-gear loads • This 
information ^va:- requested by the Amy Air forces. 
Materiel Command, ^'rlght Field, in Janu.vrv 1944. 

APPARATUS AND INSTRUraTATTOIv 



The airplane on ^^vhich the tests were conducted was 
a four-engine bomber, the Consolidated B-21+D. Its general 
specifications are gi ven in table , and two views of its 
external appearance are shown in figures 1 and 2, 

For determining the horizontal-tail loads, the air- 
plane was instrumented with electrical strain gages and 
accelerometers . The strain gages were attached to the 
front and rear spars of the horizontal stabilizer to 
determine the tail bending moments, and to the main 
landing-gear struts and nose-wheel strut to determine 
the vertical and drag com.ponents of the ground re- 
actions. Standard NACA three-component accelerometers 
were installed near the center of gravity of the airplane, 
at the center of the fuselage, and the center of the 
stabilizer. Before the landing tests began, it was 
decided to install two more accelerometers, one near the 
tip of each wing. ^fter about half of the landings had 
been miade , two m'ore accelerometers were installed in the 
left wing, one near the attachment of the main landing- 
gear strut to the wing and the other in the wheel well 
near the outboard engine nacelle. Figures 3 and k show 
the attachment of the strain gages to the landing-gear 
struts, and figures 5 through 8 shov; installation of the 
accelerometers at the center of gravity, the center of 
the stabilizer, the outboard nacelle, and the wing tips, 
figure 9 is a sketch of the airplane sho\;lng the acceler- • 
om^ter locations in the airplane. 
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A photographic record of the behavior of the main 
landing gear during impact was obtained by tvjo 55~^^illi^®"ter 
cameras having speeds of about 60 frames per second, 
mounted beneath the fuselage of the airplane. Stationary 
targets, attached to the lower end of a tripod-supported 
boomi whose upper end was secured to the vving structure, 
v/ere installed in the fields of view of the cameras to 
serve as reference points in determining the mxovement of 
the gear, Camera and target installations are shown in 
figures 10 and 11. All of the instruments in the airplane 
were s^nichroni zed by m.eans of an KACA tim:er. 

Attitude angle of the airpl.ane and vertical velocity 
at contact were determined by me.ans of two phototheodolltes . 
A description of the phototheodolltes and the method of 
evaluating their data is given in reference 2. 

The airspeed and ground speed at contact were deter- 
mined from, the readings of the pilot's airspeed indicator, 
which had been calibrated against true airspeed, and the 
surface wind velocity and direction. As a check, the 
ground speed was com.puted from, the wheel pictures and 
gave good agreem.ent. 

TV'^o hydraulic pressure gages were installed in the 
airplane *s brake lines to indicate brake pressure for 
certain landings which were made with varying amounts of 
pressure applied to the brakes before landing. 



PRECISION OF DATA 



The measurements presented in this paper are believed 
to lie vd.thin the limits of error shown below. The amount 
of deviation is based on the spread between repeat read- 
ings of the same pointy the differences in values obtained 
from different ins trum.ents , the knovvTi mechanical limita- 
tions of the Instruments, and the conditions under which 
the loads were applied to the instrurnxonts . 



Gross \veight of 
Ground speed at 



airplane 
contact , 



at contact, 

TTph 



lb 



velocity, ft/ sec 



±100 



±0< 
5" 



Vertica 

Attitude angle at contact, deg . • « o . • 
Main wheel loads, fro:^ strain gages, percent 
Nose wheel loads, from strain gages, percent 
Morrrial ccirponent of acceleration, from 
accGlerometer records, g 

Center of gravity . , . o . . . , ±0 

Center of tail 

Left tail tip . 

Inboard nacelle 

Outboard nacelle . . . , c , . . » o ±0 

Wing tip . . . • o ±1 



±i76 



7 

0 
0 



±0o5 
±0 • 3 

±0,2 
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TEST PROCEDURE. 



A total of 58 landings were made. These included 
(a) normal landings (that is, the main wheels were 
stationary prior to contact but free to rotate); (b) 
braked landings, the brakes being set before contact, 
with varying amounts of pressure, but being released 
again as soon as the initial impact w^as over; and (c) 
landings in which the m.ain wheels v/ere given rotational 
speed prior to contact. 

All of the landings were m.ade on the concrete runv;ays 
of Langley Field, Va, The runways had been coated, about 
a year'^and a half earlier, with a cam.ouflage miaterial 
consisting of sawdust spread on an asphalt binder. At 
the time these tests were beg\m, perhaps one-third of 
the surface of the mnways used was still covered v/ith 
the camouflage coating in patches of varying size, shape, 
and thickness. The airplane was flown by NACA test 
pilots who had a great deal of previous experience v/ith 
other aircraft although no previous experience with the 
B-2li. 

Landings were made over a wdde range of landing 
speeds and a somyev/hat narrower range of landing attitudes. 
No comipletely stalled landings were miade because of the 
possibility of the tail contacting first, with resultant 
structural damage. The angle of the longitudinal axis 
of the airplane at the time of contact ranged fromi -l.k^ 
to 6.1^, corresponding to a wing angle-of~ attack range 
of from 1.6^ to 9.1^. Ground speed at contact varied 
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from 80 to 128 miles per hour, and vertical velocities 
from 0.9 to 6.9 feet per second at contact were recorded. 

Loading the brakes before contact was done by means 
of a device which permitted an adjustable pressure to be 
put on the hydraulic brake lines. A release lever, 
operated b;i'- the co-pilot , m.ade possible instantaneous 
release of the brakes at any desired time. The brakes 
were usually cul off immediately after the initial impact. 
The maximum, brake pressure used during the tests was 25 
pounds per square inch. Observations "of the brake pres- 
sures during taxying after landing showed that about 
20 pounds per square inch was the maximum, used in decel- 
erating the aiiplane in normal landings in which the 
brakes were not set prior to contact/ 

An attempt was made to bring about prerotation of 
the main landing wheels by m.eans of special fittings 
with anem.ometer- cup -type wind vanes; however, they did 
not prove satisfactory. Prerotation of the wheels was 
accomplished by touching the wheels to the ranway to 
bring them up to rotational speed, lifting the airplane 
off the runway by speeding up the engines, and again 
making contact with the runway while the wheels were 
revolving at high speed. 



PRESENTATION AND DISCUSSION 0? DATA 



Table II lists the natural frequency of vibration 
of the various structural components of the airplane. 
Table III classifies the landings as to type and severity 
of impact, and lists conditions st contact and m.aximum 
accelerations and loads. 

Most of the landings were of normal or moderate 
severity, the average vertical velocity at contact being 
about 2o5 feet per second, and the highest 6.9 feet per 
second. Ground speeds at contact averaged about 97 miles 
per hour. 

Figures 12 through 29 are time histories of wing and 
center-of -gravi ty accelerations and landing-gear normal 
loads for representative norm.al, braked, and prerotation 
landings. The time after contact specified on the charts 
is the time after the first wheel contacted the ground, 
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whether that was left or right iii.ain lauding wheel or the 
nose wheel. Peak values of Increment of wing-tip accel- 
eration as high as I5.5 v;8-e recorded (fig. 17)> though 
the average was about 7g. ' The highest value of increrrent 
of acceleration at the center of grevity was about l.bg 
and the average was 0.6g. For comparison purposes,^ ^ 
landings in which the maxlir.uni lncrerr:ent of acceleration 
at the' center of gravity was ]ess than O.bg are herein- 
after referred to as soft landings, and those in which 
the value was higher are called hard landings. It is 
recognized that the hardest landings recorded in these 
tests were not e:x.tretr.ely severe. For normal, braked, 
and prerotation landings of comparable severity, there 
seemed, in general, to be little difference in the 
magnitude of the accelerometer record peaks. However, 
in the case of braked landings, the vibrations usually 
continued over a longer period of time than in the case 
of the normal and prerotation landings. This seemed to 
be generally true regard.le3S of the relative severity 
of the impact. Figure JC compares a normal, braked, 
and prerotation landing of about the sam.e severity of 
impact (moderate, in all cases) and figure 5I com.pares 
the magnitude and duration of the vibrations for a 
normal'and braked landing that v. ere among the hardest 
made during these tests. 

After one landing, accelerometer records were taken 
during the run while the airplane was decelerating. The 
pilot applied his brakes hard several times, the piirpose 
being to determine tail accelerations. The w^^ng accel- 
erations were small and the vibrations did not persist 
as in the case of a braked landing. A time history of 
the wing accelerations in this ta^i run is shown in 
figure 32. 

Figures through 55 depict time histories of wing 
and center-of -gravity accelerations for miscellaneous 
normal, braked, and prerotation landings, m.ost of them 
being comparatively soft. 

Figures 5k and 55 present the ratio of maximum incre- 
mient of ' wing-tip acceleration to mazlmum. increm.ent of 
center-of-gravity acceleration, plotted against m.axlm.uin 
increment of center-of-gravity acceleration. The incre- 
ments of acceleration were determined by subtracting an 
assumed airload of Ig from the m.aximum values recorded 
by the accelerom.eters . There was considerable scatter 
in the values, probably due chiefly to large percentage 
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of error in determining the smaller values of acceleration, 
especially at the center of gravity. (See section on 
Precision of Data. ) However, there seem.ed to be a trend 
toward higher ratios for the softer landings (smaller 
values of center-of-gravity acceleration) and sm.aller 
ratios for harder landings. The average value for all 
landings was atout 7' 

SimriARY OF RESULTS 



1. The maximum increment of wing-tip acceleration 
recorded v/as 15.5g, in a landing in which the center-of- 
gravity maximum, acceleration incremxent was l.lig. 

2. Norm-al, braked, and orerot ation-type landings of 
comparable severity seemxed to have m.aximiumi accelerations 
of roughly equal m.agnitude. 

5, The wing vibrations were usually more prolonged 
in braked landings, even though the brakes were released 
Immediately after impact. 

II. The average ratio of maximum incremiCnt of wing- 
tip acceleration to maxim^Wi increment of center-of- 
gravity acceleration was about 7- 

Lang ley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. , August 8, I9UJ4- 
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TABLE I 

SPECIFICATIONS OP THE CONSOLIDATED 
B-2[iD AIRPLANE 

Gross weight at landing, lb U8,900 to 50,100 

Wing span, ft . • « • . . „ 110 

Wing area, sq ft l,oii8 

Horizontal tail area, total, sq ft 192.0 

Stabilizer area, sq ft l4o • 5 

Wei^p^bt of tail assembly, lb 869.6 

Normal rated horsepov-zer . • . c ij-^^OO 

Center-of-gravi ty location, as flovm, 

percent K.A.C 27-9 to 28.2 

Height of center of gravity above ground, 

static position of airplane, ft 8.2 

Approximate moment ^f inertia in pitch, 

as flowi, slug-ft^- ......... ^ . 150,000 

Moment of inertia of main wheel, slug-ft^ 53.5 

Wieel tread, ft , 25.62 

Wheelbase, ft 16.00 
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TABLE II 



NATURAL VIBRATION FREQUENCIES OF THE B-2Ue AIRPLANE 

[The B-2Ue 18 practically Identical structurally to the B-21+D] NATIONAL ADVISORY 

CO* -MinEE FOR AERONAUTICS 



Part 



Type of vibration 



Frequency 
opm 



Vibrator location 



Remarks 



7^ng 

( approx. 
I4.OO gal gas 
In each wing) 



Fuselage 



Stabilizer 



Main landing 
gear 



Symmetrical bending 



Symmetrical Inner- 
panel torsion 
combined with 
symmetrical 
bend ing 

Inner-panel torsion 



Higher order bending 



Slde-bendlng 



Vertical-bending 

Symmetrical bending 

combined with wing 

symmetrical 

bending. Pitching 

of airplane 

excited also. 
Torsion 

Fore-and-aft 
bending 



215 
320 

990 

1560 
3U0 

520 
980 

koo 



6ko 



Outboard end of aileron. 



Outboard end of aileron. 



Between cylinders No. 7 
and 9 ori engine No. 2. 



Floor of fuselage Just 
forward of tall turret. 
Outboard end of aileron. 
Outboard end of aileron. 

Outboard end of aileron. 
Inspection door on bottom 
of fuaelage, 2 feet 
forward of tall light. 
Lateral Impulses. 
Thrustwlse Impulses at 
bottom rudder hinge. 
Floor of fuselage Juat 
forward of tail turret. 
Vertical impulses at 
second rudder hinge 
from bottom. 



Thrustwlse lupulses at 

bottom rudder hinge. 



Nodal line just outboard of 
Inboard engine. Large fuse- 
lage vertical motion. 
Nodal line runs diagonally 
from Just outboard of out- 
board engine at leading edge 
to wing root at trailing 
edge. Outboard engine pitch- 
ing considerably. 
Small response outboard 
engines; larger response 
Inboard engines. Amplitude 
too small to check phase. 
Rear of fuselage moving 
vertically. 



Phase symmetrical by pickups. 
Phase unsymmetrlcal by 
pickups . 

Phase symmetrical by pickups. 
Very small amplitude. 



Large amplitude mode. Node 
at waist gun cutout. 
Amplitude too small to 
determine node line. 
Stabilizer nodes iiX feet from 

center line of airplane. Wing 
tip and stabilizer tip in phase. 



Phase symmetrical by pickups 
Nodal line near rear spar. 



^^Ohio^^ctob^r'^-^r ^9^1!*) '''' Inspection of the Ford B-2l;E Airplane. 



Wright Field, Dayton, 
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TABLB III 



LAXDinaS CL/iSSlFlSD ACCORDIMG TO TTPS AJTD SKVBRITC OP IMPACT 



number 



EF 

inboard 



Increnant of i 

TE 



I aoo«ler*tion, g 



outboard at laft at righV at center at left 
moelle wing tip wing tip of tail tall tip 



J2± 



Ground 
•peed. 



Attitude 

angle 
degrees 



NATIONAL ADVISORY 
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llaxinm nain gear 
▼ertioal loads, lb. 
Left Riglit Toti 



*liaximuB nose 
wheel Tertioal 
loads, lb. 



7 


1.55 






7. 65 


11 .60 


3.56 


7.20 


6. 6 


102 


-0.9 


40 600 




70 100 


16,4 


16 


1.40 






6.80 


13.50 


5 .90 


6.00 


4.2 




5.9 










39 


1 .35 


2. 10 


1 .70 


6.70 


4. 66 


5.10 


6.20 


6.9 


128 


-1 .4 


4o'oOO 




fi7*oon 


.600 


36^ 


1 .00 


.60 


1.12 


^.90 


3.16 






2.6 






22 , 350 


pill 






10 


.80 






4.50 


5.10 


1 10 


5*10 




107 


.9 






31 700 




13 


.70 






4.60 


6.80 


1 .60 


2.50 


2.9 


105 


5.2 


27 900 


24 '700 


60 200 




2^1 


















2.6 


82 




19^000 


25!lOO 


40^000 





36^ 


.65 


.80 


1.48 


4.15 


5.50 


2.20 


2.70 


3.1 


100 


0.6 


11,830 


16.560 


26,700 




9 








3.86 


5.10 


1.10 


1.40 


2.2 


102 


1.7 


15.200 


27.500 


33.400 


„ 


6 


.60 






2.97 


4.00 


1.70 


6.10 


2.6 


106 


1.2 


23.500 


16.400 


29.400 


S.200 


17 


.60 






4.06 


6.60 


1.45 


5.80 


2.4 


84 




20,400 


14.600 


33,600 




s 










4.42 


1 .00 


2.90 


1.8 


97 


5.5 


1 800 




34 100 




29 X 


.60 


1.20 


1.72 


4.9k: 


2.50 


1.10 


2.70 


2.9 


100 




52.200 


7 500 


52 200 




40 


.60 


.60 


.70 


2.30 


5.30 


1.20 


2.70 


1,1 


102 


0.2 


15 050 


16 400 


29 000 




302^ 


.60 


.79 


1.08 


5.00 


4.90 


1.15 


5.50 


1.9 


98 


5.6 


28 660 


25 700 


24 900 




20 


.55 






2.63 


5.66 


1.26 


2.00 


2.3 


100 


5.6 


4,900 


9,850 


26,100 




2&, 




1.60 


1.00 


2.80 


2.70 


1 .05 


1.70 


1.6 


90 




7,600 


19 260 


27,800 




33*1 


.60 


1.16 


1.66 


4.36 


1.85 


1.20 


1.90 


1.4 


98 


1.1 


15,660 


6 400 


17,800 




26i 


.36 


.40 


.60 


2.00 


6.60 


.80 


2.50 


1.4 


87 




10,800 


17,980 


25,400 




*^1 


.35 


.40 


,60 


2.00 




.85 


1.25 


1,4 


87 




7 900 


10 900 


18 800 




2a 


.66 






3.40 


4.66 


1 .45 


2.90 


1.9 


116 


1.0 


20 900 


13 800 


30 600 




2 






























2*1 








4.20 


7.45 





1.70 


5.70 


1.6 


82 





181600 


8 '.140 


26!600 




1 










3.76 


1.40 


2.90 


1.3 


96 


5.1 


20,400 




31,600 




O 1 


.30 


.60 


.90 


3.15 


1.90 


.90 


1.30 


1.4 


87 


3.0 


14,400 


16,900 


26,000 




56 


.35 


.70 


.90 


2.60 


1.40 


.90 


1.40 


1.3 


89 


4.4 


15,960 


10,676 


16,000 







.30 








5.08 


.65 






91 


6.1 


15,560 


9,700 


21,900 






.30 


— — 




1 .50 


5.20 


.50 


1 .00 




96 


4.6 












21 








3.00 


2. 90 


.60 


1.25 


.9 


94 


5.9 


15,600 


8.060 


3 , 600 


— 


54ai 


* 




. 60 


1 . 56 


2.95 


.40 


.80 


1.6 


98 


0.8 


8,560 


7.900 


11 ,200 




34 J 


* 


* 


.65 


1.90 




.78 


1 .15 








10,500 


12.800 




















BRATJir 
















41 


1.10 


.35 


.90 


7.85 


10.70 


2.60 


4.00 


5.d 


91 


1 .0 


54 000 




69 300 


flOO 

o.ouu 


31 


1.20 




1 .85 


5.70 




2.26 


5.90 


4. 9 














11 


.80 






3.78 








3.6 


87 


0*4 


25*850 


20 TOO 


48*800 




8 


.90 


____ 




5.42 


5.57 


1.20 


5.00 


4.1 


98 


5.7 


29,400 


21.400 


44,900 




22 


.66 






4.60 


6.30 


1.70 


2.80 


4.2 


96 


1.9 


20,700 


23.000 


45,200 




18 


.75 






7.10 


6.60 


1.56 


2.70 


2.8 


90 




28,700 


26,400 


62,400 




12 


.50 






5.25 


2.85 


1.50 


2.90 


3.0 


89 


2.4 


19,550 


38,680 


59,600 




16 


.36 






2.10 


4.67 


.60 


2.10 


2*2 


106 


5.2 


24,600 


26,760 


58,700 




32 


.30 




1.15 


4.00 




.76 


1.90 


1.8 


91 


4.6 


11,400 


11.400 


28.100 




4 










2.07 


1.10 


1.60 


1.8 


88 


6.7 


1,800 




33,000 




28 


.30 


.45 


.82 


2.88 


2.40 


.80 


1.90 


1.0 


81 




1,600 


10.880 


21,000 




19 








2.30 


3.76 


.20 


1.60 


1.2 


84 


6.1 


11.760 


6,625 


21,900 




23 


.55 






2.62 


2.21 


.70 


1.50 


.9 


94 


2.7 


11,500 


10,500 


25,700 
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272 


.80 


1.20 


1.25 


2.60 


2 60 


.95 


2.55 


2.3 


80 




20,500 


17,450 


57,700 


1.400 


36, 


.80 


.85 


1.00 


2.40 


3.35 


1.20 


2.40 


2.9 


94 


2.6 


9,200 


17,400 


24,700 




34j 


.36 


.50 


1.15 


4.18 




.70 


1.60 


3.1 






11,200 


10,200 


34.600 




242 


.80 


1.50 


1.66 


4.80 


3.16 


1.56 


3.12 


1.8 


80 




19,860 


17,700 


34.900 




29, 


.66 


.86 


1.00 


2.17 


6.31 


1.26 


3.10 


3.0 


97 


4.8 


15,800 


17,000 


30.800 




S62 


.56 










.60 


.20 


2.1 


100 


5.8 


17,100 


15,000 


28.600 




352 


.40 


..50 


1.25 


3.56 




.76 


1.25 


2.2 






9.100 


26.100 


29.200 




5O2 


.40 


.60 


.95 


2.20 




.00 


1.60 


1.2 


96 


5.7 


19,600 


16,100 


22.000 




26^ 


.30 


.45 


1.60 


1.60 


1.60 


.56 


1.00 


1.0 


82 




10,300 


9.526 


18,700 




33a 2 


.40 


.46 


.65 


2.70 


2.00 


.80 


.80 


1.0 


94 


2.4 


9,030 


7,900 


10.100 




262 


.26 


.70 


1.12 


2.76 


2.66 


.58 


1.70 


.9 


85 




12.660 


16,160 


15.200 




34a2 


.35 


»45 


.65 


1.56 


1.50 


.45 


.40 


1.5 


90 


4.9 


9,060 


9.960 


13,000 





• Mose wheel loads listed only when nose #\eel oontaoted during aajor portion of ijspaot. 
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Figure 3.- Strain gage installation on left main 
landing-gear strut of B-24D airplane. 
Protective covering of tape and wax removed. 




Figure 4.- Strain gage installation on nose wheel 
strut of B-24D airplane. Protective covering 
of tape and wax removed. 




^Figure 5.- Installation of NACA three -component 
accelerometer near center of gravity of 
B-24D airplane. 




Figure 6.- NACA three -component accelerometer located 
at the center of the stabilizer of the B-24D airplane. 
Fairing removed. 




Figure 8.- NACA accelerometer No. 286, located near left 
wing tip. Fairing removed. 



L-583 




FiguroQ.- Installation of accelerometens in the B-34D airplane 
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Figure 10.- Cameras used to photograph main landing wheels 
of B-24D airplane, installed beneath the fuselage. 




Figure 11.- Two views of the left main landing wheel of the B-24D airplane, showing 
wheel markings and reference target. Inboard face of wheel shown. 
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